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[1] Sound velocity measurements on candidate mantle
minerals at relevant mantle conditions are needed to
interpret Earth’s seismic structure in terms of model
abundances, variable composition, and other potentially
influential parameters such as electronic spin-pairing
transitions. Here the sound velocities of the lower-mantle
ferropericlase have been measured by nuclear resonant
inelastic X-ray scattering to 110 GPa. Compressional and
shear wave velocities and their pressure derivatives rise
dramatically across the spin-pairing transition of iron in
(Mg0.75Fe0.25)O above 50 GPa. Effects of the transition on
the sound velocities of (Mg, Fe)O at lower-mantle pressures
yield values that are much greater than what is predicted by
studying pure MgO and high-spin ferropericlase. Our results
indicate that sound velocities of the low-spin ferropericlase
need to be considered in future geophysical and
geochemical models, which could offset the effect of the
addition of iron in the lower-mantle minerals and affect
the evaluation of the lower-mantle heterogeneities.
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1. Introduction

[2] The speed of seismic waves in the Earth’s lower
mantle is governed by the elastic properties of an assem-
blage thought to consist mainly of �20% ferropericlase and
�80% silicate perovskite [e.g., Dziewonski and Anderson,
1981; Jackson, 1998; Kellogg et al., 1999; van der Hilst
and Kárason, 1999; Trampert et al., 2004; Wentzcovitch et
al., 2004; Li and Zhang, 2005]. Knowledge of the sound
velocities of ferropericlase and silicate perovskite at high
pressures and temperatures is thus essential to the under-
standing of the geophysics and geochemistry of the Earth’s
lower mantle. However, experimental studies on the sound
velocities of ferropericlase-(Mg, Fe)O have been restricted
to pressures below about 20 GPa [Zha et al., 2000;
Jacobsen et al., 2002, 2004; Kung et al., 2002; Jackson et
al., 2006] and therefore may not reflect the properties of

lower-mantle (Mg, Fe)O with iron in the pressure-induced
low-spin state [e.g., Badro et al., 2003, 2004; Li et al., 2004;
Fei et al., 2005; Jackson et al., 2005; Lin et al., 2005, 2006;
Sturhahn et al., 2005; Speziale et al., 2005; Goncharov et
al., 2006; Hofmeister, 2006; Tsuchiya et al., 2006]. Since
ferropericlase is considered to constitute a considerable
volume fraction of the lower mantle (�20%) and is prob-
ably iron-rich compared with silicate perovskite [Murakami
et al., 2005], an understanding of the effects of the elec-
tronic spin-pairing transition on the sound velocities and
transport properties of (Mg, Fe)O is crucial to modeling
deep-Earth geodynamics and geochemistry [Mattern et al.,
2005; Goncharov et al., 2006].
[3] A recent X-ray diffraction study of (Mg0.83, Fe0.17)O

to 135 GPa showed a dramatic increase in the isothermal
bulk modulus (KT) and bulk sound velocity (VF) at the
electronic spin-paring transition [Lin et al., 2005], but
compressional (VP) and shear (VS) wave velocities and
shear modulus (G) of the low-spin ferropericlase have not
previously been measured. Here we have measured the
partial phonon densities of states (PDOS) of iron in
(Mg0.75, Fe0.25)O by nuclear resonant inelastic X-ray scat-
tering (NRIXS) [Sturhahn, 2004] to pressures exceeding
one megabar. We have derived the VP, VS, and G of the
high-spin and low-spin ferropericlase from the PDOS.
NRIXS, using a high-intensity synchrotron X-ray source,
probes the PDOS for 57Fe incorporated into 57Fe-bearing
samples [Sturhahn, 2004], and has been used with a
diamond-anvil cell to determine the elastic, thermodynamic,
and vibrational properties of 57Fe-containing materials at
high pressure [Hu et al., 2003; Mao et al., 2004].

2. Experiments

[4] High-pressure NRIXS experiments were conducted at
sector 3 of the Advanced Photon Source (APS), Argonne
National Laboratory (ANL). Energy spectra were obtained
by tuning the X-ray energy (±70 meV to ±90 meV in steps
of 0.25 meV) around the nuclear transition energy of
14.4125 keV with an energy resolution of 1 meV. The Fe-
Ka,b fluorescence radiation from the 57Fe-enriched (Mg0.75,
Fe0.25)O polycrystalline sample, emitted with time delay
relative to the incident X-ray pulses due to the lattice
excitations of the iron sublattice, was collected by three
avalanche photodiode detectors.
[5] Polycrystalline (Mg0.75, Fe0.25)O with �95% enrich-

ment in 57Fe was synthesized in an oxygen fugacity
controlled gas-mixing furnace [Jacobsen et al., 2002; Lin
et al., 2006]. For experiments below 33 GPa, the sample
was loaded into the sample chamber of a diamond anvil cell
(DAC) with a neon pressure medium and a few ruby
spheres. For experiments above 33 GPa, a perforated
diamond having 100 mm inner culet, 300 mm outer culet,
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and a bevel angle of 9 degrees on the side of the incident X-
ray beam was used to reduce absorption by the anvil,
allowing NRIXS spectra to be collected within a reasonable
time frame of less than a day. A beryllium gasket of 3 mm in
diameter was pre-indented to a thickness of 30 mm and a
hole of 250 mm was drilled in it. Subsequently, amorphous
boron powder was inserted into the drilled hole and a
smaller hole of 50 mm in diameter was drilled and used as
the sample chamber [Lin et al., 2003]. Use of the boron
gasket insert helps to strengthen the Be gasket, increase the
sample volume, and reduce the axial pressure gradients. The
very small and highly focused X-ray beam of less than
10 mm in diameter also helps to reduce the pressure
uncertainty caused by the radial pressure gradient. Pressures
were determined using the ruby fluorescence scale, and the
pressure uncertainty (1s) was estimated from multiple
pressure measurements from the ruby balls in the sample
chamber. The counting time for each NRIXS spectrum was
approximately one hour, and ten to twenty spectra were
collected and added at each pressure.

3. Results and Discussion

[6] A quasi-harmonic model was used to extract the
PDOS from the measured energy spectra (Figure 1)
[Sturhahn, 2004]. While the integration of the PDOS gives
the elastic, thermodynamic, and vibrational parameters from
the contribution of the iron atoms in (Mg0.75, Fe0.25)O, the
bulk Debye sound velocity (VD) of the sample is derived
from parabolic fitting of the low-energy slope of the PDOS
in the range of approximately 0.2 meV to 15 meV after
applying a correction factor, the cube root of the ratio of the
mass of the nuclear resonant isotope (57Fe) to the average
atomic mass of the sample [Hu et al., 2003]. The procedure
of deriving VP, VS, and G from the VD and equation of state

Figure 1. PDOS of (Mg0.75, Fe0.25)O under high pressures.
The spectral features of PDOS are shifted to higher energies
with increasing pressure, whereas the energy shift is much
more significant across the electronic spin-pairing transition
from 42 to 62 GPa. The low-energy slope of the PDOS in the
range of 0.2 meV to 15 meV is used to derive the bulk Debye
sound velocity (VD) [Hu et al., 2003].

Figure 2. Aggregate (a) VP, (b) VS, and (c) G of (Mg0.75,
Fe0.25)O at high pressures. Open circles: this study based on
the Birch-Murnaghan EOS [Birch, 1986] of Lin et al. [2005];
Dashed lines: this study based on the KS and its pressure
derivative of MgO with the density of (Mg0.75, Fe0.25)O [Fei
et al., 2005]; Dash-dotted lines: VP, VS, andG ofMgO [Zha et
al., 2000]; Dotted lines: (Mg0.94, Fe0.06)O from Brillouin
measurements [Jackson et al., 2006]; Solid lines: (Mg0.83,
Fe0.17)O from previous ultrasonicmeasurements [Kung et al.,
2002]; Open squares: VP, VS, and G of single-crystal (Mg0.76,
Fe0.24)O at ambient conditions from previous ultrasonic
measurements [Jacobsen et al., 2002]; Vertical gray lines:
observed transition region. The difference in the Vp between
the high-spin and low-spin ferropericlase at approximately
60 GPa is from 1.53 km/s (open circles) to 0.78 km/s
(dash lines) (Figure 2a). The pressure derivative of the
shear modulus for the low-spin (Mg0.75, Fe0.25)O above
60 GPa is approximately 2.55, which is higher than that
of the high-spin ferropericlase [Kung et al., 2002; Jackson et
al., 2006]. As shown, the derived VS and G values are very
insensitive to the input EOS parameters. Errors in this study
are based on the statistics of the data, and some error bars are
smaller than the symbol size.
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(EOS) parameters, namely the adiabatic bulk modulus (KS)
and density (r), has been described previously [Hu et al.,
2003; Mao et al., 2004]. Here we used the EOS parameters
for the high-spin and low-spin ferropericlase from a recent

X-ray diffraction study [Lin et al., 2005] using Birch-
Murnaghan EOS [Birch, 1986]; the KS and its pressure
derivative of MgO with the density of (Mg0.75, Fe0.25)O
was also used to calculate the VP, VS, and G for the low-spin
ferropericlase and to understand the potential influence of
the input EOS on the derived parameters, because a separate
X-ray diffraction study indicates that the compression curves
of the low-spin phases in various (Mg, Fe)O compositions
are similar to that of MgO [Fei et al., 2005]. We note that the
NRIXS technique is particularly well suited for constraining
VS and G from a precise measurement of VD because they
are considerably less sensitive to the choice of EOS input
data (KS, r) compared with VP [Mao et al., 2004] (Figure 2);
though, uncertainties in the input EOS parameters due to
non-hydrostatic stress in the sample and kinetic hysteresis of
the spin transition at ambient temperature can propagate into
the model in deriving the VP, VS, and G.
[7] Under ambient conditions, our VP, VS, and G values

are consistent with previous ultrasonic measurements
(Figure 2) [Jacobsen et al., 2002], verifying the procedure
for deriving sound velocities from PDOS. Compared with
MgO [Zha et al., 2000], addition of 25 atom% FeO into MgO
significantly reduces the value of VP, VS, and G for the
high-spin ferropericlase, while the value of KS is unchanged
within experimental uncertainties [Jacobsen et al., 2002,
2004; Kung et al., 2002; Jackson et al., 2006; Lin et al.,
2005]. An abnormal behavior in the sound velocities and
shear modulus in (Mg0.75, Fe0.25)O occurs between 42 GPa
and 58 GPa (Figure 2). The high-pressure low-spin ferro-
periclase exhibits a much higher VP, VS, and G than the
low-pressure high-spin ferropericlase (Figure 2), consistent
with a discontinuous pressure-volume profile measured by
a recent high-pressure X-ray diffraction study [Lin et al.,
2005]. An additional important observation is that there is a
significant increase in the pressure derivatives of the VP,
VS, and G for the low-spin ferropericlase, as compared to
the high-spin ferropericlase; i.e., assuming a linear pressure
dependence, the pressure derivatives of the VP, VS, and G
for the low-spin (Mg0.75, Fe0.25)O above 60 GPa are
approximately 0.0427 (km/sGPa), 0.0274 (km/sGPa), and
2.55, respectively. Based on these observations, simple
extrapolations of the VP, VS, and G for the high-spin
ferropericlase would yield much lower values than that of

Figure 3. Elastic, thermodynamic, and vibrational para-
meters of (Mg0.75, Fe0.25)O as a function of pressure
obtained from integration of the PDOS. (a) Mean force
constant,Dav; (b) Lamb-Mössbauer factor, fLM; (c) vibrational
specific heat, Cvib (kB, Boltzmann constant); (d) vibrational
entropy, Svib; (e) kinetic energy at 0 K, EZ; (f) kinetic energy,
Ek. We note that these values only represent the contribution
of the Fe sublattice in (Mg0.75, Fe0.25)O. The observed
increase in the mean force constant across the spin-pairing
transition indicates an increase in the interatomic force
constant and hence the observed jump in the bulk modulus,
consistent with the increase in the bulkmodulus reported by a
recent X-ray diffraction study [Lin et al., 2005]. An increase
in the fLM also indicates a much reduced displacement of iron
atoms and stiffening in the low-spin (Mg0.75, Fe0.25)O.
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the low-spin ferropericlase at lowermost mantle pressures
(Figure 2).
[8] The electronic spin-pairing transition of iron is also

found to significantly influence other elastic, thermodynamic
and vibrational properties of the iron component in
(Mg0.75, Fe0.25)O (Figure 3); the mean force constant
(Dav), Lamb-Mössbauer factor (fLM), kinetic energy (Ek),
and kinetic energy at 0 K (Ez) all increase while vibrational
specific heat (Cvib) and vibrational entropy (Svib) decrease
across the electronic transition at �50 GPa.

4. Geophysical Applications

[9] The dramatic jump of the sound velocities of ferro-
periclase across the electronic spin-pairing transition
reported here has important implications for the geophysics
of the Earth’s lower mantle. Earlier measurements of the
sound velocities of ferropericlase and silicate perovskite
under high pressures and/or high temperatures have been
used to constrain the geophysics and geochemistry of the
lower mantle; however, these studies for ferropericlase were
limited to the high-spin state at pressures below 20 GPa
(lower than the pressures of the lower mantle) [Jacobsen et
al., 2002, 2004; Kung et al., 2002; Jackson et al., 2006].
These studies have shown that the VP and VS of these
minerals are too high to match the seismic model of the
lower mantle, specifically above 60 to 70 GPa (approxi-
mately 1500 km in depth); thus far, these systematic
deviations cannot be accounted for by temperature effects
alone [Trampert et al., 2004; Wentzcovitch et al., 2004;
Mattern et al., 2005; Jackson et al., 2006]. Although the
nature of the electronic spin-pairing transition under high
temperatures of the Earth’s lower mantle has yet to be
understood experimentally, recent theoretical predictions
suggest that the transition in ferropericlase would occur
over an extended pressure range of approximately 30 GPa
(or �700 km in depth) [Sturhahn et al., 2005; Tsuchiya et
al., 2006]. In this case, the associated increase in the VP, VS,
G, KS, and their pressure derivatives across a gradual spin
crossover in ferropericlase would gradually increase the
mismatch between the synthetic pyrolite model and PREM.
That is, the sound velocities of the low-spin ferropericlase
need to be considered in future geophysical and geochem-
ical models in determining mineralogy and chemistry of the
lower mantle [e.g., Kellogg et al., 1999; van der Hilst and
Kárason, 1999; Trampert et al., 2004; Wentzcovitch et al.,
2004; Mattern et al., 2005]. In particular, the effect of the
electronic spin-pairing transition on the sound velocities
could offset the effect of the addition of iron in the lower
mantle minerals (Figure 2), affecting the evaluation of the
lower mantle chemical heterogeneities [Trampert et al.,
2004].
[10] Electronic spin-pairing transitions of iron have also

been observed to occur in silicate perovskite [Badro et al.,
2004; Li et al., 2004; Jackson et al., 2005; Hofmeister,
2006], though the transitions are more complex than in
ferropericlase. Based on the two-step, gradual electronic
transitions and the lesser amount of iron in silicate perov-
skite (approximately 10%) [Murakami et al., 2005], it
remains to be seen how the electronic transitions of iron,
if present in the lower mantle [Hofmeister, 2006], affect the
sound velocities of silicate perovskite in the lower mantle. It

also remains to be seen how high temperature affects the
elastic, thermodynamic, and transport properties of the low-
spin ferropericlase under lower mantle conditions [Sturhahn
et al., 2005; Tsuchiya et al., 2006; Goncharov et al., 2006],
but the sound velocities we report here for ferropericlase
across the spin-pairing transition indicate that previous
models of lower-mantle sound velocities from mineral
physics data using high-spin ferropericlase and silicate
perovskite are insufficient to correctly model the seismic
wave behavior in the lower mantle.
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